Introduction
============

Pathologic worry is defined as a complex affective and cognitive process, negative-affect laden and relatively uncontrollable.^[@bib1],\ [@bib2]^ Pathologic worry in late-life is surprisingly prevalent in the community, with 20% of older adults reporting severe worry.^[@bib3]^ The notable cardiovascular morbidity associated with anxiety and pathologic worry has only recently been recognized.^[@bib4],\ [@bib5],\ [@bib6]^ Thus, severe worry has been associated with increased risk of stroke and other cardiovascular events, even after controlling for depression and other vascular risk factors.^[@bib7],\ [@bib8],\ [@bib9]^ Recent studies have also described the association of late-life anxiety and worry with mild cognitive impairment and an increased risk of conversion to Alzheimer's disease.^[@bib10],\ [@bib11],\ [@bib12]^ Severe worry is described in several disorders, including generalized anxiety disorder (GAD), social anxiety and major depressive disorder.^[@bib13]^

The complex blend of maladaptive affective and cognitive processes underlying worry may explain why, contrary to other forms of anxiety (for example, simple and social phobias, panic, somatic anxiety, post-traumatic stress), there is less consensus in the field regarding the neural basis of worry. Several functional magnetic resonance imaging (fMRI) studies have investigated both activation and functional connectivity among various brain regions involved in GAD---in adolescents,^[@bib14],\ [@bib15]^ young adults^[@bib16],\ [@bib17]^ and older adult participants^[@bib18],\ [@bib19]^ (see Mochcovitch *et al.* for a review^[@bib20]^). However, very few studies used fMRI paradigms specifically tailored to induce worry^[@bib19],\ [@bib21]^ or analyzed specifically the effect of worry severity at rest^[@bib22]^ or during task^[@bib23]^ and, to our knowledge, none has explored the in-scanner reappraisal of worry.

Describing the neural basis of worry induction and reappraisal may prove consequential, especially in older adults, for further understanding the malignant effect of worry on both vascular and neural health.^[@bib4],\ [@bib9],\ [@bib12]^

In this study, we will describe distinct components in the 'neural phenomenology' of worry: induction, maintenance, severity and reappraisal. Although worry induction is most likely a ubiquitous phenomenon associated with the universal human experience of worrying,^[@bib24],\ [@bib25],\ [@bib26]^ maintenance and severity characterize the pathological worry associated with GAD, major depressive disorder (MDD) and other disorders. The maintenance component describes the tonic aspect of pathologic worry, characterized by the perpetuation of the negatively laden affective and thought processes associated with active worrying.^[@bib24]^ The severity component describes the quantitative difference in worry intensity between normal and pathologic worry.^[@bib24],\ [@bib27]^ Recent studies found quantitative (more severe) but not qualitative differences in the worry process between normal and pathological worriers.^[@bib26],\ [@bib28]^ Another key component of pathologic worry involves the difficult to control worry process, with significant interference of the worry process in daily life described by GAD participants compared with the healthy control participants. This difficulty in controlling the worry process has been associated with emotion dysregulation, including difficulties using cognitive reappraisal to mitigate the worry process.^[@bib29],\ [@bib30]^ Cognitive reappraisal (changing a situation's meaning in a way that alters its emotional impact^[@bib31],\ [@bib32]^) and specifically deficits in reappraisal have been implicated in the GAD/worry pathology, especially as failures to implement adaptive reappraisal strategies while rigidly using poor compensatory strategies such as worry.^[@bib30]^ Our previous work supports the emotion dysregulation theory by indicating that normative cognitive reappraisal strategies may actually trigger somatic anxiety in participants with pathologic worry.^[@bib33]^

We hypothesize that induction of worry will engage similar neural regions in GAD and healthy participants, but that severe worry will engage additional regions than those associated with normal or less severe worry. With regard to worry maintenance, we hypothesize that there will be sustained changes in brain regions associated with generation of worry across the worry induction blocks in participants with GAD, but not in healthy controls. We also hypothesize that, compared with healthy participants; GAD participants will have difficulties engaging regulatory prefrontal regions during reappraisal.

To explore the neural changes associated with worry induction, maintenance and reappraisal, we used a personalized, in-scanner worry induction task (see 'Materials and Methods'). We also chose a method---arterial spin-labeling---better designed to capture the slow changes in neural activity associated with a lengthy process such as worry.^[@bib18],\ [@bib34]^

Materials and methods
=====================

Study design and participants
-----------------------------

Magnetic resonance imaging data was collected in a total of 40 participants: 20 older participants with GAD (13F, mean age 67) and 20 non-anxious older healthy controls (10F, mean age 68). The primary inclusion criteria for anxiety participants was a primary diagnosis of GAD for at least 6 months according to the structured clinical interview for DSM-IV (SCID) and a score of 17 or higher on the Hamilton Anxiety Rating Scale (HARS) at the time of scanning. Patients with other anxiety disorders were included if GAD was the principal diagnosis (based on severity and duration), as were patients with a past history of alcohol or substance abuse that was in full remission for at least 3 months. Patients with lifetime history of comorbid unipolar depression were included if GAD was the primary diagnosis (based on duration), but participants with current major depressive disorder at the time of scanning were excluded. In addition, the Penn State Worry Questionnaire (PSWQ), a measure that was specifically developed to quantify worry, was used to assess worry severity.^[@bib35]^ As this was a sample of older participants, we used the Cumulative Illness Rating Scale for geriatrics (CIRS-G) to quantify chronic medical illness burden (including cardiovascular health),^[@bib36]^ as well as a comprehensive neuropsychological battery to describe cognitive status (the Repeatable Battery for the Assessment of Neuropsychological Status, RBANS,^[@bib37]^ and select subtests of the Delis--Kaplan Executive Function Scale, D--KEFS^[@bib38]^).

Exclusion criteria included lifetime psychosis or bipolar disorder, dementia, Mini-Mental State Examination (MMSE) score \<24, high suicide risk, ongoing psychotherapy, current antidepressant or anxiolytic use, as well as issues related to entering the MR environment. Participants were psychotropic-free at the time of the scan and underwent a washout period of 2 weeks if previously on antidepressants (6 weeks if on fluoxetine) (three participants were tapered off antidepressants). Participants were allowed non-psychotropic medications. Non-anxious participants had no history of psychiatric disorders. The University of Pittsburgh Institutional Review board approved the study. All participants provided written informed consent.

Magnetic resonance imaging data collection
------------------------------------------

Imaging data were collected at the University of Pittsburgh Magnetic Resonance Research Center using a 3-Tesla Siemens (Siemens Medical Solutions, Erlangen, Germany) Trio TIM scanner with a 32-channel head coil. Whole-brain axial pseudo-continuous arterial spin-labeling scans were collected (15 min, echo time (TE)=25, repetition time (TR)=4000 ms, flip angle (FA)=90°, 120 labeled and unlabeled volumes, FOV=64 × 64, slices=24, slice thickness=5 mm). High-resolution anatomical images (T1-weighted magnetization-prepared rapid gradient echo MPRAGE) were collected over 4 min and 43 s using the following parameters: FOV=256 × 254 mm, voxel size 1 × 1 × 1 mm, TI=900 ms, TR/TE=2/3.43 ms, flip angle=9°.

Worry induction and reappraisal task
------------------------------------

The worry induction task used a personalized worry script. The script consisted of individualized worry-generating statements alternating with instructions to reappraise worry. During the participants' initial evaluation, we elicited specific worry themes, which were then used to create sentences that instructed the participant to worry 'as hard as s/he can, as s/he usually does it' about the specific theme (for example, 'worry about your husband's health', 'worry about your back pain getting worse'). Participants were also trained in reappraisal strategies by a master-level instructor (SW), and practiced both worry induction and worry reappraisal prior to the in-scanner experiment, and they offered feedback regarding the accuracy of each worry induction and each worry reappraisal sentence (for example, 'my husband has an excellent medical team', 'physical therapy always helps with my back pain'). Five worry induction statements and three worry reappraisal statements were selected in no particular order for each participant for the in-scanner experiment (this was done as it maximized the number of participants that had that number of each statement). The order of each statement was random and was counterbalanced (due to the wide variety of themes in the statements). Each block (5 worry blocks and 3 reappraisal blocks) included a single worry/reappraisal statement presented for the entire duration of the block. Each reappraisal block followed one of the worry induction blocks and the instruction was to reappraise that specific worry statement. Although in the scanner, each worry induction/reappraisal statement remained on the screen for 1 min (15 s fixation+45 s of active task). The in-scanner worry induction paradigm consisted of a block design of worry induction blocks alternating with worry reappraisal blocks, preceded by a 5 min resting state. After each in-scanner induction/reappraisal block, participants evaluated the severity of experienced worry on a scale from 1 (none) to 5 (very severe).

Image preprocessing
-------------------

All preprocessing was done in SPM12 (<http://www.fil.ion.ucl.ac.uk/spm/software/spm12/>). Worry induction pseudo-continuous arterial spin-labeling sequences were first motion-corrected (rigid registration to the mean using a least squares approach with 4th degree spline interpolation). Labeled and unlabeled volumes were motion-corrected separately at first and then motion-corrected together (by correcting to the mean). The data were then smoothed in native space using a Gaussian kernel with full-width at half-maximum of 8 mm. The structural image was skull-stripped manually using ITK-SNAP. The skull-stripped structural image was used to coregister the regular structural image to the mean functional image (affine coregistration with normalized mutual information as the cost function and 4th degree B-spline interpolation). The anatomical image was segmented into six tissue classes: gray matter, white matter, cerebrospinal fluid, skull, soft-tissue and air. This process outputs gray matter segmentation in native functional space and a deformation field, which can be used to normalize the functional images to a standard anatomical space (MNI).

Cerebral blood flow (CBF) estimates were generated using a MatLab script developed by JJ Wang.^[@bib34],\ [@bib39]^ We input the following parameters into the script: simple subtraction, label time of 0.7, delay time of 1.2, slice time of 45, labeling efficiency of 0.85 and TE of 25. We used an individualized gray matter mask (threshold at a probability of 0.05) in the analysis. After CBF was calculated at each volume (120 volumes), the deformation field was used to normalize the CBF volumes into MNI space. Using a custom MatLab script, we calculated the mean CBF across the rest block, mean CBF across all five worry induction blocks, mean CBF for each worry induction block, mean CBF across each reappraisal block and mean CBF across all three reappraisal blocks. Two quality control checks were performed on each individual image to confirm that the functional images were properly co-registered to structural images and then to the standard space. Stripped structural images were subsequently normalized to MNI space and an average structural image was generated to overlay all neuroimaging results.

Owing to the nature of the participants being studied (older participants with anxiety), we expected a fair degree of motion within the scanner. Thus, special care was taken to minimize motion within the scanner, as well as during our analysis. We calculated maximum motion (using motion parameters from motion correction) in *x*, *y*, *z* directions for translational and rotational motion. We found that there existed no group differences in *x* (*T*~(25.1)~=−1.2, *P*=0.26), *y* (*T*~(29.2)~=−0.8, *P*=0.42) and *z* (*T*~(38)~=0.2, *P*=0.82) translation or *x* (*T*~(38)~=−0.7, *P*=0.48), *y* (*T*~(25.2)~=−0.8, *P*=0.41) and *z* (*T*~(34.5)~=−0.9, *P*=0.37) rotation, however as expected (although not significant), the GAD group showed higher maximum motion than the healthy control (HC) except for *z*-translations. Two participants were excluded due to excessive motion (one in each group), whereas another was excluded due to falling asleep in the scanner during the worry induction task (HC group). Four participants (2 from each group) did not perform the reappraisal blocks due to differences in early scanning procedures (reappraisal not included in those tasks).

Statistical analysis
--------------------

Statistical analyses were conducted in SPM12 (voxel-wise) and SPSS (clinical and demographic characteristics).

We first tested the main effect of worry induction and reappraisal (as compared to rest) by performing a paired *t*-test to test whether there was a significant difference between CBF during worry induction or reappraisal and rest. In all subsequent analyses, we subtracted the rest blocks from the worry induction and reappraisal blocks to adjust for the effect of rest.

We performed a voxel-wise, whole-brain 2-way ANOVA to test whether there was a significant interaction between group (HC and GAD) and block (5 blocks of worry and 3 blocks of reappraisal), with group as an independent factor and block as a repeated factor. To test for effects of block independent of group, we conducted a 1-way repeated measure ANOVA (in regions where the interaction was not significant), which tested whether there were any regions that changed across the worry or reappraisal blocks independent of group. The input for these previous two analyses was the mean CBF maps for the worry induction blocks (minus rest) and the mean CBF maps for the worry reappraisal blocks (minus rest). To test for group effects (independent of block), we conducted an independent samples *t*-test, which tested for significant differences (in regions where the interaction was not significant) between HC and GAD, where inputs were the mean CBF maps during worry induction or reappraisal. Due to group differences in cognitive function (see 'Results'), we also adjusted for cognitive function. In the next step, we tested a regression model to identify the regions where the mean CBF (during worry induction or reappraisal) was significantly correlated with worry severity, as measured by PSWQ. Although testing for group differences and association with worry severity, we also adjusted for depression severity, as measured by core depressive Hamilton depression rating scale (HDRS) items (excluding anxiety items from HDRS^[@bib40]^).

Multiple comparisons correction
-------------------------------

To correct for multiple comparisons in the voxel-wise analysis, we used 3dClustSim (<https://afni.nimh.nih.gov/pub/dist/doc/program_help/3dClustSim.html>). All voxel-wise analyses were corrected to *P*\<0.05 and had the following minimum cluster sizes: main effect *k*=429 voxels, interaction *k*=643 voxels, block effect independent of group *k*=647 voxels, group effect independent of block *k*=418 voxels and regression with PSWQ *k*=408 voxels. All brain images were generated using xjview and BrainNet viewer.^[@bib41]^

Owing to the recent literature on multiple comparison corrections in the neuroimaging field and especially the concern regarding cluster-wise correction approaches, we also present another multiple comparison correction suggested by Eklund *et al.*^[@bib42]^ Although we have used an updated ClustSim version that corrected previous bugs reported by Eklund *et al.*, we also report the results of a multiple comparison correction via permutation testing. Using statistical non-parametric mapping (SnPM) toolbox, we used 5000 permutations to estimate the voxel-wise *P*-values and then performed multiple comparisons correction (cluster-wise inference with *P*\<0.005, uncorrected threshold) to control the family-wise error rate at *α*=0.05. We highlight in the text, tables and figures when the results pass correction via this method.

Results
=======

[Supplementary Table 1](#sup1){ref-type="supplementary-material"} presents the demographic, clinical and neuropsychological data. There were no differences in age, gender, race, education, global physical health (as measured by CIRS-G) and overall cognition (as measured by MMSE) between healthy and older GAD participants. As expected, compared with healthy participants, the older GAD participants had higher HARS, HDRS (as well as HDRS core depressive symptoms defined as HDRS minus the anxiety items^[@bib40]^) and PSWQ scores. GAD also had lower performance in two cognitive tests (D--KEFS Trail Making, set-switching minus motor speed and D--KEFS color word inhibition).^[@bib38]^

The in-scanner worry severity ratings (1--5, low--high) showed that there was no significant interaction between group and the five worry induction blocks (F~(3,101)~=1.13, *P*=0.341). There were also no group differences across any of the five inductions (F~(1,34)~=0.66, *P*=0.422) as well as no differences across block (F~(3,101)~=0.23, *P*=0.875). The mean (across all five blocks) of the worry severity scores for the healthy participants was 2.80 (95% confidence interval (CI)=0.33). For the GAD participants the mean was 2.97 (95% CI=0.37). Following reappraisal, the mean was 1.10 (95% CI=0.14) for healthy participants and 1.13 (95% CI=0.20) in GAD participants, which was not significantly different. There was on average an increase in worry rating when comparing each worry block to the previous non-worry block (147% (s.d.=59%) in HC and 155% (s.d.=61%) in GAD). This increase indicates that participants engaged in worry during the worry induction blocks.

Main effect of worry induction and reappraisal
----------------------------------------------

Compared to the rest trial, worry induction was associated with greater CBF in the following regions: left medial frontal cortex (supplemental motor area (BA8), dorsal ACC (BA32), middle, superior frontal cortex), bilateral visual cortex, bilateral thalamus and caudate ([Figure 1](#fig1){ref-type="fig"} and [Table 1](#tbl1){ref-type="table"}).

Compared with the rest trial, worry reappraisal was associated with greater CBF in: bilateral visual cortex, and bilateral thalamus and lower CBF in: bilateral anterior cingulate, medial frontal and orbital gyrus ([Figure 1](#fig1){ref-type="fig"} and [Table 1](#tbl1){ref-type="table"}).

Group × block ANOVA
-------------------

These whole-brain, voxel-wise statistical results are shown in [Table 1](#tbl1){ref-type="table"} and [Figure 2](#fig2){ref-type="fig"} (as well as [Supplementary Figure 1](#sup1){ref-type="supplementary-material"}). Group-by-Block interaction. After correcting for multiple comparisons, the interaction did not reach statistical significance (threshold cluster size Ke=643). However, we performed a separate analysis in the two most prominent clusters (right hippocampus, parahippocampal gyrus (Ke=440) and left posterior insula BA13 (Ke=332)) to establish the magnitude and direction of the effect size ([Supplementary Figure 1](#sup1){ref-type="supplementary-material"}). No regions showed group-by-block interactions across the reappraisal blocks.Block effect independent of group. Across the five worry induction blocks, we found significant increases in CBF in the bilateral thalamus as well as the hippocampus and parahippocampal gyrus ([Figure 1](#fig1){ref-type="fig"}). There were no regions that significantly changed across the three reappraisal blocks.Group effect independent of block. Compared to HC, GAD participants had greater CBF during worry induction in bilateral frontal areas, in the left temporal gyrii, bilateral visual, bilateral motor and sensory cortex and bilateral parietal cortex ([Figure 2](#fig2){ref-type="fig"}). This effect was not significant after we adjusted for core depressive symptoms. As GAD and HC differed significantly in two cognitive tests, we adjusted for both D--KEFS Trail Making and Color Word Interference tests (which differed by group), we found that GAD continued to have greater CBF than HC in the left post-, pre-central and inferior parietal ([Table 1](#tbl1){ref-type="table"} and [Supplementary Figure 2](#sup1){ref-type="supplementary-material"}).

Compared to HC, GAD participants had greater CBF during reappraisal in the left middle, superior temporal and right motor and sensory cortex. However, HC had greater CBF during reappraisal in the middle cingulate, supplemental motor area, left inferior frontal gyrus, right putamen and bilateral insula ([Figure 2](#fig2){ref-type="fig"}). This effect was not significant after we adjusted for core depressive symptoms. We further adjusted for both D--KEFS Trail Making and Color Word Interference tests. We found that HC had greater CBF than GAD in left lentiform nucleus, putamen, pallidum, middle frontal, pre-central, and right superior frontal, middle cingulate and supplemental motor area ([Table 1](#tbl1){ref-type="table"} and [Supplementary Figure 2](#sup1){ref-type="supplementary-material"}).

Effect of worry severity
------------------------

Worry severity was significantly correlated with increased CBF in a large number of regions ([Figure 2](#fig2){ref-type="fig"}). Greater worry severity was associated with greater CBF in the middle and superior temporal gyrus, bilateral visual, bilateral motor and sensory, bilateral parietal, as well as bilateral frontal areas and parahippocampus. Adjusting for core depressive symptoms showed this association was robust to depressive symptoms in the following regions: right parahippocampus, hippocampus and amygdala, as well as superior frontal gyrus and left superior parietal lobe ([Figure 3](#fig3){ref-type="fig"}).

During reappraisal, lower CBF was significantly associated with greater worry severity in the anterior insula, but this result was not significant after adjusting for core depressive symptoms ([Figure 3](#fig3){ref-type="fig"}).

Discussion
==========

In conclusion, our results show a complex pattern of changes in CBF, with different components associated with worry induction, maintenance, severity and reappraisal. Worry induction was associated with higher CBF in multiple regions, but maintaining the worry process involved mainly a sustained increased in the CBF in the thalamus and hippocampus. The group differences during worry induction, initially showing multiple regions with increased CBF in GAD vs HC, were rendered non-significant once controlling for core depressive symptoms. Worry severity results were robust to the effect of depressive symptoms and were localized in right parahippocampus, hippocampus and amygdala, as well as superior frontal gyrus and left superior parietal lobe. With regard to reappraisal, HC had greater CBF than GAD in several regulatory regions, which were mostly robust to the effect of cognitive differences between groups. However, this effect was not significant after adjusting for core depressive symptoms.

The main effect of worry induction, regardless of group or block, was associated with higher CBF in three distinct groups of regions: regions involved in visual processing (lingual, fusiform, occipital), regions involved in emotion generation and implicit emotion processing (caudate and thalamus) and regions involved in explicit emotion regulation (medial prefrontal cortex, supplemental motor, dorsal ACC).^[@bib43]^

When adding group, we initially found several regions that differentiate between older GAD and HC, which is contrary to our initial hypothesis that worry induction would not differ between the two groups. However, these results were not significant when adjusting for core depressive symptoms, which may indicate that 'primary' induction of worry (not associated with depression) may actually not differ between groups. These results support the importance of controlling even for sub-threshold depressive symptoms when studying GAD, given the high depression-GAD comorbidity (see below for a discussion regarding the advantages of a dimensional approach focused on worry severity).

Although worry has been classically associated with verbal-linguistic activity, the association of visual processing areas with worry generation is supported by more recent literature^[@bib44],\ [@bib45],\ [@bib46],\ [@bib47]^ as recent meta-analyses link the visual cortex with emotion-generation processes.^[@bib43],\ [@bib48]^ The subcortical hub of thalamus and caudate acts a sensory and motor information hub that relays information to both core emotion generation (for example, limbic and orbitofrontal cortex (OFC)) and emotion-regulation regions (mPFC, SMA, dACC).^[@bib43],\ [@bib49]^ The caudate has long been recognized as a region involved in emotion regulation^[@bib49],\ [@bib50]^ and generalized anxiety.^[@bib51],\ [@bib52]^

Overall, our results indicate that induction of worry is associated with three major hubs: an emotion-generation hub (related to visual imagery), a subcortical 'relay' (thalamus and caudate) and an emotion-regulation hub (SMA, vmPFC, dACC) ([Figure 4](#fig4){ref-type="fig"}).

The measure of worry maintenance---the main effect of block---identifies regions (bilateral thalamus and hippocampus) whose perfusion changes over the course of multiple worry induction blocks. Looking at the course of perfusion across blocks in these regions ([Figure 1](#fig1){ref-type="fig"}), we may infer that these areas are associated with a pattern of 'worry maintenance': they ramp up after the first induction block and maintain high perfusion for the remaining blocks (in the thalamus block we notice a further 'bump' up in CBF by block four).

The direction of the change in CBF indicates that---regardless of group---repeated worry induction does not attenuate the blood flow in several regions. One may speculate this is associated with a lack of habituation, which may ultimately contribute to the relatively mediocre effect of cognitive behavioral therapies in late-life GAD, especially with regard to reducing worry severity.^[@bib53],\ [@bib54]^

This presentation becomes more complex when adding the effect of worry severity ([Figure 2](#fig2){ref-type="fig"}). Participants with higher worry severity show activity in some of the previously described areas (visual areas such as BA 19 and BA 7, and emotion-regulation regions (SMA and mPFC)), but they recruit additional regions involved in emotion regulation such as OFC (BA10, 11), dlPFC (BA 9), supramarginal gyrus (BA4), inferior parietal (BA40). Most of these regions have been systematically associated with executive attention (volitional selective attention and working memory)^[@bib43]^ and explicit emotion regulation.^[@bib55],\ [@bib56]^ Once controlling for core depressive symptoms, the medial frontal and superior parietal cortical regions remain significant (which indicates that a categorical diagnosis such as GAD may actually 'dilute' the effect related to pathologic worry), but in addition, we also note a limbic cluster addition. Thus, it appears that higher worry severity is associated with additional recruitment of neocortical regulatory regions as well as potential limbic activation. This may support the emotion dysregulation theory of worry as a maladaptive regulation strategy.^[@bib30],\ [@bib57],\ [@bib58]^ Taken together, these results endorse the view of worry as a complex process, supported by several distinct hubs, with discrete components for induction and maintenance ([Figure 4](#fig4){ref-type="fig"}).

The group-by-block interaction in the whole-brain ANOVA rendered two regions marginally non-significant: the right hippocampus and the left posterior insula (BA13) ([Supplementary Figure 1](#sup1){ref-type="supplementary-material"}). The analysis of effect sizes indicates that for both regions there is an opposite pattern in the GAD and non-anxious participants. For left posterior insula there was an increased effect size from block one minus two (Cohen's *d*=0.2) to block one minus five (Cohen's *d*=0.7) in GAD, whereas healthy participants had a decrease from a low effect size at block one minus two (*d*=0.06) to a moderate but negative effect size (*d*=−0.4) at block one minus five. Thus, we may speculate that posterior insula seems to 'disengage' in healthy non-anxious participants, while becoming increasingly more active across worry induction blocks in GAD. An opposite pattern was noticed for the right anterior hippocampus ([Supplementary Figure 1](#sup1){ref-type="supplementary-material"}).

The reappraisal results were relatively surprising. Although we confirmed the involvement of the prefrontal cortex, the main effect shows a large effect of occipital and thalamic areas, which we can only explain through 'cross-contamination' (participants may have continued to worry during reappraisal blocks). Thus, a closer examination of block differences during reappraisal, shows an initial increase in CBF at block one, followed by flattened CBF throughout the following blocks. An alternative explanation is that participants, who were trained in reappraisal strategies prior to scanning, may have reappraised more economically^[@bib59]^ while in the scanner, or that, despite instructions, they used an alternative emotion-regulation strategy such as distraction or detachment (see 'limitations'). At this time, the limitations in study design do not allow for a definite conclusion.

Group differences during reappraisal revealed that older GAD participants have less engagement of frontal regulatory regions than healthy controls, which confirms our hypothesis regarding reappraisal difficulties in older GAD. Interestingly, GAD participants were also significantly different from HC in two executive function cognitive processes, although there were no global cognitive differences between the groups. When controlling in the group analysis for these two cognitive abilities, the results strengthen the 'advantage' of HC by adding two additional clusters with higher CBF during reappraisal (left middle frontal gyrus and left striatum). Impairments in several cognitive domains---including inhibition---were reported in late-life GAD on a much larger sample.^[@bib60]^ As these results are not significant when controlling for core depressive symptoms and given that none of the older GAD participants were clinically depressed, we may speculate that the failure to engage reappraisal regions may represent a common denominator of late-life depression and GAD.

Overall, based on the results of the current study we can advance a model of induction, maintenance and severity of worry ([Figure 4](#fig4){ref-type="fig"}). This model involves different phenomenological layers and several distinct regions---some (like the visual cortex, bilateral thalamus, caudate and medial PFC) associated with the initiation of worry, others with maintenance or lack of habituation (for example, thalamus, posterior hippocampus, posterior insula), and some with excessive, severe worry. In addition, although not included in the model, our results indicate a deficit of older GAD in engaging regions classically associated with cognitive reappraisal.

The specific neural characteristics associated with severe worry (greater lateral PFC, OFC and parietal involvement) may prove critical for future development of targeted treatments. Thus, while worry in itself is a universal phenomenon experienced by researchers and laymen alike, and may even confer an evolutionary advantage by modifying threat-related decision-making,^[@bib61]^ severe worry carries a significant public health burden and has proven difficult to treat with standard pharmaco- or psychotherapies. The current study points toward two types of areas that may benefit from targeted interventions such as transcranial magnetic stimulation:^[@bib62]^ the regions associated exclusively in severe worry (for example, lateral PFC and parietal cortex) and those associated in protracted quality of worry (for example, left OFC, left posterior insula).

Our study has several limitations. First, given the small sample some analyses were underpowered and the results will need further replication. As we did not have a midlife group, we cannot generalize the results in younger individuals. Especially regarding reappraisal, the limited but distinct cognitive domain deficits may point toward age-related changes in late-life GAD signaling a prodromal neurocognitive disorder.^[@bib10]^ Although not clinically depressed, the GAD sample had a significantly higher burden of depression symptoms, which may have interfered with some of the results. Thus, when controlling for core depressive symptoms, the group differences between GAD and controls were lost, but the worry severity regression results were largely maintained. Given the high GAD-MDD comorbidity, the effects of controlling for depressive symptoms are not surprising. These results advocate for a dimensional approach focused on worry severity and less for a categorical approach where results are contaminated by non-specific symptoms shared by GAD and MDD (for example, fatigability, poor concentration, sleep disturbances). The in-scanner worry induction task has several limitations: the longer blocks (design to capture the lengthier worry induction process) may have weakened the observed CBF response during reappraisal; the pre-scanning reappraisal training may have diminished the in-scanner intensity of worry induction response; the lack of a reappraisal efficacy assessment prevents the evaluation of the type of emotion regulation use in the scanner; and finally there is the possibility of cross-contamination between the blocks (for example, participants who reappraised a worry theme in a previous block may have spontaneously use reappraisal during the next worry induction block). As we acknowledge this possibility, we note that worry themes varied among blocks and the severity of worry appears to increase during worry induction blocks when compared with previous non-worry induction blocks. A final limitation involves the use of arterial spin labeling, which allowed us to explore a lengthier and slower phenomenon such as worry induction. However, compared with blood oxygen-level dependent response, arterial spin labeling is challenged by a poorer signal-to-noise ratio^[@bib63],\ [@bib64]^ and, although we attempted to reduce the noise (improved estimation and use of the subject-specific gray matter), our results need further confirmation.

To our knowledge, this is the first study exploring worry induction and reappraisal in correlation with changes in cerebral blood flow. We present new data supporting the view of worry as a complex process, associated with multiple regions involved sequentially in the initiation, maintenance, severity and reappraisal of the worry process.
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![Main effect of worry induction and reappraisal. Paired *t*-tests comparing the mean cerebral blood flow (CBF) during worry induction (top) and reappraisal (bottom) compared to resting CBF. Areas where CBF was greater during worry or reappraisal than rest are shown in red/warm colors and the reverse effect in blue/cool colors. The colors indicate *T*-statistics from the paired *t*-test. Yellow arrows indicate regions that survived multiple comparisons correction via a non-parametric method (SnPM). The thalamus is plotted across the five worry induction blocks as well as the three reappraisal blocks. Violin plots are the mirrored histograms of the entire voxel-wise data in that region (to show variation across voxels). Healthy participants are shown in blue and generalized anxiety disorder (GAD) in red. The average is shown in green. Note: Bilateral thalamus showed a significant block effect independent of group.](tp2017180f1){#fig1}

![Group differences during worry induction and reappraisal (unadjusted for core depressive symptoms). Independent *t*-tests comparing the mean cerebral blood flow (CBF) in the healthy compared to the generalized anxiety disorder (GAD) group during worry induction (minus rest, top) and reappraisal (bottom). Areas where CBF was greater in the GAD group are shown in red/warm colors and healthy greater than GAD in blue/cool colors. The colors indicate *T*-statistics from the independent *t*-test. Yellow arrows indicate regions that survived multiple comparisons correction via a non-parametric method (SnPM). These results did not pass significance threshold after adjusting for core depressive symptoms (HDRS).](tp2017180f2){#fig2}

![Worry severity (PSWQ) association with cerebral blood flow (CBF) during worry induction and reappraisal (unadjusted and adjusted for core depression severity). Association between worry severity (as measured by PSWQ) and CBF during worry (top) and reappraisal (bottom) CBF (minus rest). The colors indicate the *T*-statistic from the regression analysis; the positive associations (greater worry severity associated with greater CBF) are shown in red/warm colors, whereas the negative associations (greater worry severity associated with lower CBF) are shown in blue/cool colors. Yellow arrows indicate regions that survived multiple comparisons correction via a non-parametric method (SnPM). Importantly, two regions remained significant even after adjusting for core depressive symptoms. There were no regions during reappraisal that significantly associated with worry severity after adjusting for core depressive symptoms.](tp2017180f3){#fig3}

![Model of induction, maintenance and severity of worry. Three distinct layers and multiple hubs associated with (1) initiation of worry (visual cortex; caudate/thalamus; SMA/dACC); (2) maintenance/lack of habituation (thalamus/parahippocampus/hippocampus/amygdala, posterior insula); (3) worry severity (visual areas BA 7/19, SMA/mPFC, orbitofrontal cortex (OFC), dlPFC, supramarginal gyrus, inferior parietal). Some regions contribute to two different phenomena (e.g., Thalamus appears to be involved in both induction and maintenance of worry, the visual cortex is involved in both induction and severity of worry).](tp2017180f4){#fig4}

###### Results of all voxel-wise statistical analyses

  *Analysis*                                                            *Condition*                        *Region name*                                                   *Cluster size*   *Max* T*/F*       X     Y     Z     *Passed SnPM*
  --------------------------------------------------------------------- ---------------------------------- --------------------------------------------------------------- ---------------- ----------------- ----- ----- ----- ---------------
  Main effect                                                           Worry                              Bilateral lingual/cuneus/MOG/fusiform/IOG                       1717             *T*~(39)~=5.7     20    −90   −22   Yes
                                                                                                           Bilateral thalamus/caudate/ACC                                  2822             *T*~(39)~=7.2     −14   −10   12    Yes
                                                                                                           Left SMA (BA8)/mPFC/dACC (BA32)                                 1503             *T*~(39)~=5.3     −8    12    56    Yes
                                                                        Reappraisal                        Bilateral lingual/calcarine/MOG                                 3619             *T*~(31)~=5       −18   −78   −8    Yes
                                                                                                           Bilateral thalamus                                              2210             *T*~(31)~=6       6     −26   12    Yes
                                                                                                           Bilateral MeFG/olfactory/SFG (orbital)                          521              *T*~(31)~=−4      8     18    −18   No
                                                                                                                                                                                                                                 
  Group-by-block interaction                                            Worry[a](#t1-fn3){ref-type="fn"}   Left posterior insula                                           332              F~(1,152)~=15     −34   −16   22    No
                                                                                                           Right anterior hippocampus                                      494              F~(1,152)~=16.2   34    −20   −20   No
                                                                        Reappraisal                        Not significant                                                                                                       
                                                                                                                                                                                                                                 
  Block effect                                                          Worry                              Bilateral thalamus/parahippocampus/hippocampus                  4801             F~(4,156)~=8.7    12    −30   6     No
                                                                        Reappraisal                        Not significant                                                                                                       
                                                                                                                                                                                                                                 
  Group differences (GAD−HC)                                            Worry                              Left MTG/STG                                                    520              *T*~(38)~=3.8     −64   −18   −4    No
                                                                                                           Right MFG/SFG                                                   483              *T*~(38)~=5.2     38    62    −2    No
                                                                                                           Left PoCG/PreCG/MFG/IPL                                         2005             *T*~(38)~=4.8     −36   −26   64    Yes
                                                                                                           Right SPL/precuneus/PoCG/IPL/angular/SOG                        3575             *T*~(38)~=5.0     −16   −84   50    Yes
                                                                                                           Right SFG/MeFG                                                  462              *T*~(38)~=4.2     6     38    62    No
                                                                        Reappraisal                        Right putamen/insula                                            499              *T*~(30)~=−3.7    34    4     10    No
                                                                                                           Left MTG/STG                                                    696              *T*~(30)~=4.4     −64   −34   4     No
                                                                                                           Left insula/IFG (oper)                                          1928             *T*~(30)~=−6.3    −30   0     22    Yes
                                                                                                           Right MCC/SFG/SMA                                               2254             *T*~(30)~=−7.5    28    16    68    Yes
                                                                                                           Right PreCG/PoCG                                                541              *T*~(30)~=4.5     12    −32   76    No
                                                                                                                                                                                                                                 
  Group differences adjusted for HDRS                                   Worry                              Not significant                                                                                                       
                                                                                                                                                                                                                                 
                                                                        Reappraisal                        Not significant                                                                                                       
  Group differences adjusted for D--KEFS set-switching and inhibition   Worry                              Left PoCG/PreCG/IPL                                             626              T~(36)~=3.9       −50   −36   60    No
                                                                        Reappraisal                        Left lentiform nucleus/putamen/pallidum                         443              *T*~(36)~=−5.1    −22   −12   6     Yes
                                                                                                           Right SFG/MCC/SMA                                               992              *T*~(28)~=−7.1    28    16    68    Yes
                                                                                                           Left MFG/PreCG                                                  472              *T*~(28)~=−5.1    −30   18    64    No
                                                                                                                                                                                                                                 
  Association between CBF and PSWQ                                      Worry                              Right parahippocampus                                           482              *T*~(38)~=4       8     10    −26   Yes
                                                                                                           Right MFG/SFG/IFG                                               1650             *T*~(38)~=5.3     38    62    −2    Yes
                                                                                                           Left MTG/STG                                                    496              *T*~(38)~=4       −68   −20   −4    Yes
                                                                                                           Bilateral PoCG/precuneus/SPL/PreCG/IPL/MFG/angular/SOG/cuneus   12 653           *T*~(38)~=5.5     −16   −84   50    Yes
                                                                                                           Right MFG/SFG/PreCG                                             1273             *T*~(38)~=5.2     32    14    66    Yes
                                                                                                           Right SFG/SMA/MeFG                                              659              *T*~(38)~=4.3     6     38    62    No
                                                                        Reappraisal                        Left insula                                                     769              *T*~(30)~=−5.1    −32   −2    22    No
                                                                                                                                                                                                                                 
  Association between CBF and PSWQ adjusted for HDRS                    Worry                              Right parahippocampus/amygdala/hippocampus                      620              *T*~(38)~=3.9     18    −2    −18   No
                                                                                                           Right SFG/MeFG                                                  545              *T*~(38)~=3.7     22    62    −8    Yes
                                                                                                           Left SPL/PoCG                                                   658              *T*~(38)~=3.5     26    −46   62    Yes
                                                                        Reappraisal                        Not significant                                                                                                       

Abbreviations: BA, Brodmann area; CBF, cerebral blood flow; dACC, dorsal anterior cingulate; GAD, generalized anxiety disorder; HC, healthy controls; HDRS, Hamilton depression rating scale; IFG, inferior frontal; IOG, inferior occipital; IPL, inferior parietal; MCC, middle cingulate; MeFG, medial frontal; MFG, middle frontal; MOG, middle occipital; mPFC, medial prefrontal cortex; MTG, middle temporal; PoCG, postcentral gyrus; PreCG, pre, central gyrus; SFG, superior frontal; SMA, supplemental motor; SOG, superior occipital; SPL, superior parietal; STG, superior temporal.

Each voxel-wise analysis and the significant regions with cluster sizes, max *T*/F-statistics (with respective degrees of freedom) and *x*, *y*, *z-*coordinates in MNI space. 'Not significant' indicates that the results did not pass multiple comparisons correction. The final column indicates whether the cluster passed a non-parametric multiple comparisons correction (SnPM).

Not significant. See [Supplementary Figure 1](#sup1){ref-type="supplementary-material"} for analysis of effect sizes.
